The aim of the present study was to investigate carbohydrate utilization by the grouper Epinephelus malabaricus reared at 23°C. Two isoenergetic semipurified diets were prepared with two carbohydrate sources (glucose and starch). Each diet was fed to triplicate groups of grouper in a recirculating rearing system for 8 weeks. Water temperature was held constant by a thermal controller at 23 ± 1°C. Weight gain, feed efficiency (FE) and protein efficiency ratio (PER) of fish fed the starch diet were significantly higher (P < 0.05) than those of fish fed the glucose diet. Body lipid content of the starch-fed group of fish was higher than that of glucose-fed group of fish. Hepatic hexokinase and glucose-6-phosphate dehydrogenase activities were higher in fish fed the starch diet than fish fed the glucose diet. Fish fed the glucose diet had higher hepatic glucose-6-phosphatase activity than fish fed the starch diet. These results suggest that starch is better utilized by grouper than glucose when the water temperature is 23°C.
INTRODUCTION
Groupers are good candidates for intensive aquaculture because of their desirable taste, hardiness in a crowded environment and rapid growth. They are valued as one of the highest-quality seafoods in many parts of the world. 1 In Taiwan, grouper culture has become more important because of the shortage of freshwater resources.
Despite the importance of grouper aquaculture, nutritional information for the species is scarce. Other than protein requirements, 1, 2 carbohydrate is the only nutrient that has been studied for grouper. 3 In a recent study, we demonstrated that the utilization of starch and glucose by grouper is similar at a high water temperature of 29°C. 3 This result is somewhat different from the utilization of different carbohydrate sources by other fish species. For instance, tilapia, [4] [5] [6] [7] common carp, red sea bream 8 and channel catfish 9 grow better when fed a starch diet rather than glucose diet, whereas chinook salmon 10 and white sturgeon 11 utilize glucose better than starch.
Grouper are normally cultured over a period of 1 year before coming onto the market. In southern Taiwan, where the most grouper aquaculture is concentrated, the summer and winter water temperature ranges from 28 to 32°C and from 18 to 23°C, respectively. 12 Rainbow trout has been reported to utilize higher levels of carbohydrate at 15°C compared with 10°C.
13,14 The tolerable carbohydrate level and ability of plasma glucose regulation of Atlantic salmon is lower during winter than summer. 15 In a previous study of carbohydrate utilization by grouper, 3 the water temperature was 29°C. The effect of water temperature on the utilization of different carbohydrate sources of grouper is not known. Thus, the purpose of the present study was to further elucidate the carbohydrate utilization by grouper Epinephelus malabaricus reared at 23°C.
MATERIALS AND METHODS

Diet preparation
Two diets were prepared with two carbohydrate sources (glucose and starch). White fish meal (blue whiting, imported from Norway), fish oil (Scott and Bowne, London, UK) and corn oil (Tai-Tang Industrial, Taipei, Taiwan), glucose and raw corn starch (Sigma Chemical, St Louis, MO, USA) were used as dietary protein, lipid and carbohydrate sources, respectively. The experimental diet formulation and approximate analysis 16 are given in Table 1 .
ium was part of a closed recirculating system with a common reservoir of water at 29-32‰ salinity. The water was circulated at 2 L/min through two separate biofilters to remove impurities and reduce ammonia concentrations. A photoperiod of 12 h light (08.00-20.00 h)-12 h dark was used. Fish were fed 3% of their body weight per day. This amount was close to the maximal daily ration for grouper according to feed consumption during the acclimation period of the study. The daily ration was divided into two equal meals fed at 08.30 and 16.30 h. Fish were weighed every 2 weeks and the daily ration adjusted accordingly. Any dead fish were removed and not replaced during the experiment. Fish were given the test diets for an 8 week period. At the end of the feeding trial, the fish were bulk weighed from each aquarium. Weight gain (as measured by the percentage of body weight gain in each aquarium: [100 ¥ (final body weight -initial body weight)/initial body weight]), feed efficiency (FE; (final body weight -initial body weight)/food intake) and protein efficiency ratio (PER; (final body weight -initial body weight)/ protein intake) were calculated as described previously. 17 After the final weighing, three fish were randomly sampled from each aquarium and pooled for body composition analysis. 16 Five other fish were then randomly removed from each aquarium and liver samples were removed and pooled for subsequent enzyme assay. The preparation of the liver sample followed the procedures of a previous study. 18 Nine volumes (w/v) of 4 mM N-acetylcysteine buffer (0.15 M KCl, 4 mM MgSO 4 , 4 mM EDTA, 4 mM N-acetylcysteine, pH 7.0) was added to the liver, which was then homogenized for 1 min (Potter-Elvehjem; Heiodnn, Tokyo, Japan), followed by centrifugation at 100 000 ¥ g for 60 min (Hitachi, Tokyo, Japan). The supernatant was used to determine activities of hexokinase (HK; EC 2.7.1.1), glucose-6-phosphatase (G6Pase; EC 3.1.3.9), malic enzyme (ME; EC 1.1.1.40) and glucose-6-phosphate dehydrogenase (G6PDH; EC 1.1.1.49). Activities of HK, G6Pase and G6PDH were determined according to the method described by Nagayama et al; 19 ME was assayed by the method of Hsu and Lardy. 20 Protein content in the enzyme preparation was determined by the Lowry method.
21
Statistical analysis
Each experimental diet was fed to three groups of fish according to a completely randomized design. Results were analyzed by one-way analysis of variance (anova) using SAS/PC statistical software (SAS Institute, Cary, NC, USA) and significance was set at P < 0.05. When a significant main effect was
The formulation was similar to that of Shiau and Lan, 2 which has been shown to be adequate for grouper. Diet preparation was according to Shiau and Lin. 
Experimental procedures
Epinephelus malabaricus juveniles obtained from a local fish fry dealer were used in the study. Upon arrival, the fish were acclimatatized to laboratory conditions for 4 weeks in a 1000 L plastic tank and were fed a commercial diet (Lucky Star; Hung Kuo Industrial, Taipei, Taiwan). The approximate composition of the commercial diet was as follows (in %): moisture 11.7; crude protein 43.3; lipid 8.8; ash 9.3. At the beginning of experiment, 12 fish (mean (± SD) weight 4.95 ± 0.06 g) were stocked in each aquarium (30.5 ¥ 61.0 ¥ 55.5 cm 3 ). Each experimental diet was fed to fish in three aquaria. The fish were chosen for the experiment and the diets were assigned randomly to groups of fish. Each aquar- 31 found, individual mean differences were determined by Duncan's test.
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RESULTS
Weight gain, FE and PER of starch-fed grouper were higher (P < 0.05) than those of glucose-fed fish ( Table 2) . Survival of fish did not differ between the dietary treatments.
Fish fed the starch diet had higher body lipid content than fish fed the glucose diet (Table 3) . Protein, ash and moisture content of fish were not affected by the different carbohydrate sources.
Fish fed the glucose diet had lower hepatic HK and G6PDH activities than fish fed the starch diet ( Table 4 ). The activity of G6Pase was higher in fish fed the glucose diet than in fish fed the starch diet. The activity of ME in fish was not affected by dietary treatments.
DISCUSSION
The present study clearly demonstrates that glucose was utilized less than starch by grouper. This finding is not in accordance with the results of a previous study in which glucose and starch were utilized equally. 3 Increasing feeding frequency 4, 7 and supplementation of dietary chromium at 5 g/kg 5, 6, 22 have been reported to improve glucose, but not starch, utilization in tilapia. In the present study, fish were fed twice daily at 08.30 and 16.30, which is similar to the feeding regimen used in the previous study. 3 Chromium was not supplemented to the diet in either study. The chromium concentration of the basal diet was 2.2-2.6 g/kg diet. Thus, the effect of chromium on glucose utilization, if any, should be negligible. Other than these similarities, the experimental conditions as to diet formulation and composition, fish size and age, water quality and culture system of the two studies were the same, the only difference being water temperature (23°C in the present study vs 29°C in the previous study). Therefore, from the results of these studies, it is reasonable to suggest that water temperature affects carbohydrate utilization by grouper and that glucose utilization was improved as the temperature increased from 23 to 29°C.
The feeding rate of the fish in the present study was 3% body weight, which is lower than the rate of 4% body weight of the previous study. 3 The amount of feed fed to fish in the experiment was based on the feed consumption of the fish during the acclimation period. This phenomenon is in line with the results of Shimeno and Shikata 23 and Wyban et al., 24 in which the feeding rate of common carp and white shrimp Litopenaeus vannamei, respectively, was increased with increasing water temperature.
The poor utilization of glucose in fish has been attributed to the rapid absorption of monosaccharides, such as glucose, compared with polysaccharides, such as starch. 25 The rapid absorption of glucose would mean that a considerable amount of Data are the mean ± SD from three groups of fish with 12 fish per group. Different superscripts indicate significant (P < 0.05) differences between different carbohydrate sources.
FE, feed efficiency; PER, protein efficiency ratio. Data are the mean ± SD from three groups of fish with three fish per group. Different superscripts indicate significant (P < 0.05) differences between different carbohydrate sources. respectively. Both enzymes play a major role in glucose homeostasis in fish. In rainbow trout, induced hepatic HK and depressed G6Pase activities were observed when fish were fed glucose. 27 It is of note that dietary glucose is better utilized than starch by rainbow trout. 28 In the present study, higher HK activity and lower G6Pase activity in fish fed the starch diet than fish fed the glucose diet are in line with the results of rainbow trout fed with/without the glucose diet. 27 This may also provide an explanation for the better growth performance in grouper fed the starch diet than those fed the glucose diet under the present experimental conditions.
Fish fed the starch diet had a higher body lipid content than fish fed the glucose diet. Similar results have also been reported in tilapia. 4, 7, 29 High body lipid in tilapia fed starch diets has been reflected by higher hepatic ME and G6PDH. 30 In the present study, higher G6PDH, but not ME, was observed in fish fed the starch diet. The reason for this discrepancy is not clear. Further study in this regard is needed.
glucose enters the body before there is sufficient elevation of the activities of carbohydratemetabolizing enzymes. This, in turn, restricts the use of this highly available carbohydrate and, thus, causes the low utilization of glucose by fish. 26 By adjusting the amount of carbohydrate ingested by tilapia, the carbohydrate-metabolizing enzymes were found to adjust accordingly, except for HK. 4 Because HK is the initial enzyme involved in glucose utilization, it has been suggested that this enzyme is likely to be the rate-limiting enzyme of glucose utilization in fish. 4 The dietary protein requirements for carnivorous marine species, such as grouper, are normally high. The level of dietary protein that produced maximum weight gain for grouper (E. malabaricus) was estimated to be approximately 50%.
1,2 Consequently, the dietary carbohydrate level for grouper is low (e.g. a 14% carbohydrate level of grouper diet compared with 44% of tilapia diet). 4, 7 The low glucose ingestion levels provided by the grouper diets would lead to HK not being saturated with substrate, so that there would not appear to be an enzymatic control mechanism to deal with such glucose loads. The equal utilization of glucose and starch may be attributed to the relatively low carbohydrate level in the grouper diet. 3 When the ratio of HK activity of glucose-fed fish to that of starch-fed fish was calculated, values of 59.5% at 23°C and 82.3% at 29°C were obtained (Table 5) . A much lower ratio of HK activity of glucose fish/starch fish at 23°C than at 29°C suggests that HK activity of the glucose-fed fish was reduced substantially at 23°C. Therefore, at low water temperature, even at the low glucose ingestion level provided by the grouper diet, HK would remain as the rate-limiting enzyme for glucose utilization in grouper. This may explain the poor growth performance of fish fed the glucose diet at 23°C. To the best of our knowledge, this is the first report on the utilization of different carbohydrates in fish as affected by water temperature.
Hexokinase and G6Pase are important carbohydrate-metabolizing enzymes involved in the pathway of glycolysis and gluconeogenesis, 
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